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Introduction
Chronic exposure to stress, eliciting repeated or continuous activation of the hypothalamic-pituitary-adrenal (HPA) axis, is well known to cause deleterious effects on psychological, physiological and immunological parameters in mammals, including humans (de Kloet et al., 2005; Willner, 2005) . In humans and other social species, the immediate social environment can be particularly important both in causing stress and in modulating its effects. For example, social conflict or social loss can cause or exacerbate the effects of chronic stress (Kiecolt-Glaser et al., 1998; Buckley et al., 2012) , whereas a stable and affiliative social environment can provide a buffer against the effects of stress (Cohen and Wills, 1985; Uchino et al., 1996) . In addition, chronically stressed individuals may disrupt their immediate social environment by damaging family bonds and neglecting or abusing their developing offspring (Wadsworth et al., 2005; Hackman et al., 2010) .
Thorough elucidation of the complex interactions between chronic stress and the immediate social environment requires the use of effective animal models. The vast majority of stress research in non-human animals has thus far been performed in laboratory rats (Rattus norvegicus) and house mice (Mus musculus). The results of these studies have unequivocally demonstrated the important effects of social environment on HPA-axis (re)activity; for example, both long-term isolation and cohabitation with a dominant, same-sex conspecific cause symptoms of chronic stress (Blanchard et al., 1995; Fone and Porkess, 2008) . In addition, parental state influences HPA-axis responses to stress, as demonstrated by the marked stress hyporesponsivity in lactating females (Slattery and Neumann, 2008) . However, rats and house mice are predominantly polygynous and uniparental (i.e., pups are raised exclusively by mothers), and males form strong hierarchies when group-housed (Berdoy and Drickamer, 2007) . In species with different social and reproductive strategies, for example species that form monogamous pair bonds and live in small, biparental family units, the males (and females) are likely to show altered stress responses under various social or reproductive conditions (DeVries et al., 2007; Bosch et al., 2008; Hennessy et al., 2009) . Investigating the effects of chronic stress in such species may yield results that are potentially better translatable to many humans.
California mice (Peromyscus californicus) are a particularly suitable model for studying the interactions among social environment, parental state and stress. California mice are one of the relatively few (6-10%; Kleiman, 1977) monogamous and biparental mammalian species: under both natural and laboratory conditions, adult males and females form cohesive pair bonds (Ribble, 1991) , and although lactating females are the only source of food for newborn pups, sires and dams spend equal amounts of time sheltering, warming, and retrieving the pups (Gubernick and Alberts, 1987a) . Previous experiments have investigated whether housing condition (isolated, with a male cage mate or with a female pair mate) and parental state influence the stressresponse system of male California mice. Social isolation was found to delay wound healing and to cause symptoms of chronic stress in male California mice (Glasper and DeVries, 2005; Chauke et al., 2012) , indicating a role of social support comparable to other social rodent species (Hawkley et al., 2012) . However, female pair mates did not provide more or less social support than male cage mates, since woundhealing processes or HPA reactivity in response to an acute challenge (predator-urine exposure or corticotropin-releasing hormone (CRH) injection) in adult male California mice did not differ depending on the sex of their cage mate (Martin et al., 2006; Chauke et al., 2011; Harris and Saltzman, 2013) . In addition, it has been suggested that peripartum HPA hyporesponsiveness, which is thought to have evolved in female mammals to avoid the potentially disruptive effects of high levels of circulating glucocorticoids on parental care (Ivy et al., 2008; Slattery and Neumann, 2008; Saltzman and Abbott, 2009; Harris et al., 2011) , evolved in the obligate paternal male California mouse for the same reason (Chauke et al., 2011) . However, male California mice that had recently become fathers did not show altered corticosterone release in response to predator-urine exposure or acute CRH injection compared to non-fathers (Chauke et al., 2011; Harris and Saltzman, 2013) .
These findings suggest that engagement in a pair bond with a female (compared to cohabitation with a male) and becoming a parent do not appreciably influence acute stress responses in male California mice. However, acute stress responses are considered beneficial for the survival of the individual, whereas persistent stress-induced glucocorticoid release is associated with dysregulation of the HPA-axis and can ultimately lead to diseases (McEwen, 2008) . Thus, the social/parental buffering of stress responses may be more advantageous, and therefore more pronounced, in the context of chronic variable stress. This hypothesis has, to the best of our knowledge, not been tested thus far in biparental male mammals.
Chronic variable stress (CVS) is a widely implemented and highly effective paradigm in which individuals undergo a variety of stressors at unpredictable intervals over (typically) two to five weeks (Hill et al., 2012) . CVS causes a number of well-characterized effects in male rats and house mice, including reduced body mass, dysregulation of the HPA axis (i.e., increased basal corticosterone levels, increased novelstress-induced corticosterone release, increased adrenal mass, increased expression of CRH and arginine-vasopressin (AVP) mRNA in the paraventricular nucleus of the hypothalamus (PVN)) and dysregulation of the immune system (i.e., decreased thymus mass, altered spleen physiology) (Herman et al., 1995; Marin et al., 2007; You et al., 2011; Hill et al., 2012) . In addition, chronic stress suppresses the hypothalamic-pituitary-gonadal-axis (Blanchard et al., 1995; RetanaMárquez et al., 2003) .
We hypothesized that CVS would cause similar effects in adult virgin male California mice, and that at least some of these effects would be attenuated in males cohabiting with a female pair mate, compared to a male cage mate, and would be further blunted in males housed with both a female pair mate and their pups.
Materials and methods

Animals
Male (n = 42 experimental males and n = 13 male cage mates) and female (n = 29) California mice, descendants of mice purchased from the Peromyscus Genetic Stock Center (University of South Carolina, Columbia, SC, USA), were born in our laboratory colony, weaned at 27-33 days of age (prior to the birth of the next litter) and housed in same-sex groups of three or four animals (littermates and/or unrelated, agematched mice) until they were paired for the experiment.
Mice were housed in transparent polycarbonate cages (L Â W Â H: 44 cm Â 24 cm Â 20 cm) containing aspen shavings as bedding and cotton for nest building (the same cages were used for the double-cage setup described below). The colony was maintained on a 14:10 h day/night cycle (lights on at 05:00 h), with ambient temperature maintained at approximately 23 8C and humidity maintained at approximately 65%, and had ad libitum access to chow (Purina 5001 Rodent Diet, PMI Nutrition International, St. Louis, MO) and water. All mice were weighed twice weekly, at 3-to 4-day intervals, to monitor health and pregnancies.
All procedures were approved by the University of California, Riverside Institutional Animal Care and Use Committee, and were conducted in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals.
Experimental design
Between 99 and 141 days of age (an age range that falls well within the prime fertile period in this species, Gubernick and Alberts, 1987a ; unpublished observations), animals were randomly assigned to one of three housing conditions: males housed with another male (virgin males, VM, n = 13), males housed with an unrelated, virgin, tubally ligated female (pair-bonded males, PBM, n = 15) or males housed with an unrelated, intact virgin female and, ultimately, their first litter of pups (new fathers, NF, n = 14). At least 31 days after pairing, intact females showing signs of imminent parturition (consistent weight gain over three consecutive weighings) and their male mates were transferred to double cages to facilitate a behavioral study running in parallel (manuscript in preparation). Double cages consisted of two regular, polycarbonate housing cages connected by a clear plastic tube approximately 10 cm in length with openings of approximately 5 cm in diameter, with bedding, food, and water available in both cages. An equal number of non-breeding pairs (tubally ligated females and their male mate) and virgin male dyads were transferred to double cages at the same time as the breeding pairs.
Each male either underwent a chronic variable stress (CVS) paradigm (n = 7-8 per housing condition) or served as a control (CON, n = 6-7 per housing condition). Due to the relatively unpredictable timing of fertilization and gestation length in California mice, combined with the complex and labor-intensive CVS paradigm, the experiment was repeated several times within six months, each time with a cohort of 1-3 animals from each of the six experimental groups (two stress conditions Â three housing conditions). For each cohort, the CVS paradigm was started when the pups of the new fathers (both CVS and CON) were 1-3 days of age.
Tubal-ligation surgery
Female mice were tubally ligated using antiseptic techniques and standard surgical procedure. Briefly, mice were anesthetized with isoflurane gas, a ventral midline incision (approximately 1/2 cm) was made, the uterus was located and the ends of the right and left uterine horns were tied off using absorbable sutures (Monomend MT, Veterinary Products Laboratories, Phoenix, AZ). The oviducts were then located and severed using microscissors. All reproductive structures were repositioned back in the abdominal cavity, the abdominal incision was closed with absorbable sutures and the skin was sealed using tissue glue. Mice were given an injection of Ketoprofen (5 mg/kg, s.c.) to provide analgesia and allowed to recover in isolation for 7 days, after which time they were paired with a male for formation of nonbreeding pairs.
Upon termination of the experiment, tubally ligated females were sacrificed by CO 2 and dissected to check for pregnancy. None of these females had visible embryos or fetuses at the time of sacrifice.
Chronic variable stress paradigm
The CVS paradigm used in the present experiment (Table 1) was modified from commonly reported CVS paradigms as follows: (1) it was relatively short (7 days), in order to confine the paradigm to the most intensive phase of pup-rearing (Gubernick and Alberts, 1987b) ; (2) the number of stressors per day was three instead of two, because pilot tests suggested that two stressors per day did not consistently lead to the expected reduction in body mass or elevation of basal plasma corticosterone levels (unpublished observations); and (3) no stressors were used that required removal of animals from the home cage for more than 1 h, in order to minimize separation from the cage mate and pups during the paradigm, which would interfere with our research question.
Each CVS male underwent a total of 21 stressor exposures (involving 7 different stressors) over a 7-day period, following the schedule in Table 1 . The stressors were as follows: (1) wet bedding: a mixture of wood shavings and tap water (24-26 8C) was spread on the bottom of a clean cage, and a mouse was placed in the cage for 1 h; (2) forced swim: each male was placed in a 1 L cylindrical plastic Baxter container filled with 850 ml tap water (24-26 8C) and was forced to swim for 5 min; (3) hypertonic saline: each male was injected IP with 1.5 M NaCl (15 ml/kg body mass); (4) cold exposure: each male was placed in a closed, ventilated plastic container (volume: 700 ml) in a refrigerator (inside temperature: 4 8C) for 15 min; (5) predator urine: each male was placed in a clean cage with wood shavings on the bottom, and exposed for 8 min to a small (1 in.
3 ) stainless steel tea ball containing a cotton ball saturated with 1 ml of predator urine (bobcat, coyote, wolf, or mountain lion; Maine Outdoor Solutions, Herman, MA); (6) shaker: each male was placed in a closed, ventilated plastic container (volume: 700 ml) on a lab shaker rotating at 200 rpm for 15 min; and (7) restraint: each male was placed in a DC M200 decapicone (Braintree Scientific, Braintree, MA, USA), which was folded tightly, shut with a clip and hung on a horizontal wire so that the male was facing downward for 15 min. All of the stressors, except hypertonic saline, were performed in a separate room from the one in which the experimental animals were housed. All stressors were verified to elicit pronounced, acute corticosterone release in California mice (forced swim, predator urine, shaker, restraint: Harris et al., 2012 ; wet bedding, hypertonic saline, cold exposure: unpublished observations).
Both CVS and CON males were weighed and their blood was sampled at regular intervals (see Table 1 ). Body mass was measured between 09:30 h and 10:00 h on day 1 (immediately prior to the start of the CVS paradigm) and between 09:30 h and 11:00 h on day 3, 5 and 7 of the paradigm. Blood samples (ca. 75 ml per sample) were taken on day 1 (between 08:41 h and 09:40 h, prior to the start of the CVS paradigm), on day 4 (between 08:54 h and 09:24 h, approximately 7 h after exposure to a stressor for CVS animals), and on day 8 (between 08:54 h and 09:24 h, approximately 12 h after exposure to a stressor for CVS animals). Mice were anesthetized briefly with isoflurane, and blood was collected from the orbital sinus within 3 min of cage disturbance to avoid stress-induced elevations of corticosterone.
On the first morning after the end of the CVS paradigms (day 8), immediately after collection of basal blood samples, all males (both CVS and CON) were exposed to a novel stressor: subcutaneous injection of 0.2 ml sesame oil, which had been verified to cause a marked release of corticosterone in adult male California mice (unpublished observations). Blood samples were collected from the orbital sinus, 10 min (mean AE s.e.m.: 612.40 AE 4.19 s; range: 557-681 s) after oil injection, within 3 min of cage disturbance. Males were decapitated 40 min (mean AE s.e.m.: 2423.44 AE 5.63 s; range: 2381-2567 s) after oil injection, and trunk blood was collected in plastic weigh boats containing 0.1 ml heparin and processed as described below. Brains were dissected and flash-frozen in dry ice within 90 s after decapitation in order to characterize the expression of CRH and AVP mRNA in the paraventricular nucleus of the hypothalamus (PVN). Since acute stressors do not affect mRNA levels of these neuropeptides for at least 60 min (Ma et al., 1999) , the results putatively reflect baseline expression. Thymus, adrenals, spleen, and testes were carefully dissected, cleaned of fat and collected in cold 0.9% saline, then blotted three times on a paper towel and weighed to the nearest 0.0001 g.
Corticosterone assays
Immediately after collection, blood samples were centrifuged for 12 min (13,300 rpm, 4 8C), and plasma was removed and stored at À80 8C until assay. Plasma was assayed in duplicate for corticosterone using an 125 I double-antibody radioimmunoassay (RIA) kit (#07-120102, MP Biomedicals, Costa Mesa, CA) previously validated for this species (Chauke et al., 2011) . Samples from each experimental condition were balanced evenly across three assays; however, all samples from an individual mouse were always analyzed in a single assay run. The standard curve ranged from 12.5 ng/ml (91% bound) to 1000 ng/ml (20% bound), and plasma samples were assayed using dilutions ranging from 1:100 to 1:800 depending on anticipated corticosterone concentrations. Inter-and intra-assay coefficients of variation (CVs) were 11.2% and 4.7%, respectively (N = 45 assays).
In situ hybridization
A total of 30 brains (N = 5 from each of the six experimental groups) were randomly selected for in situ hybridization procedures. Each frozen brain was sliced on a cryostat into five series of 20 mm thick coronal sections containing the PVN, and thaw-mounted on gelatin/chrome-alum coated glass slides. The first series of each brain was thawed, airdried and stained with Quick Stain (American MasterTech, Lodi, CA, USA) to determine the exact location of the PVN; the remaining series were kept frozen until in situ hybridization procedures were started. Expression levels of AVP and CRH mRNA were quantified as described previously , using 35 S-labeled deoxyoligonucleotide probes synthesized by Sigma Genosys (The Woodlands, TX, USA). In situ hybridizations for both CRH and AVP probes were performed in three consecutive rounds, each round containing four selected brain sections from 10 animals (N = 1-2 from each of the six experimental groups). Brain sections were fixed in freshly made 4% buffered paraformaldehyde for 20 min, followed by dehydration and rehydration through graded ethanols. Sections were exposed to 0.25% acetic anhydride and 0.1 M triethanolamine (pH = 8) for 8 min and were dehydrated through graded ethanols. Sections were hybridized overnight (20 h) in a humidified chamber at 42 8C, with 0.20 Â 10 6 CPM of labeled probe dissolved in a buffer solution (50% formamide, 5Â SET, 0.2% SDS, 5Â Denhart's, 0.5 mg/ml salmon sperm DNA, 0.25 mg/ml yeast tRNA, 100 mM dithiothreitol and 10% dextran sulfate; 30 ml per section). After hybridization, sections underwent serial washes of saline sodium citrate (SSC): 4Â SSC for 5 min at RT, 2Â SSC for two times 30 min at 55 8C, and 1Â SSC and 0.3Â SSC for 30 min each at RT. Sections were then dehydrated through graded ethanol containing 0.3 m ammonium acetate, followed by 95% and 100% ethanol, and air-dried.
All sections were placed in autoradiography cassettes (two per round per probe) and apposed to film (Kodak BioMax MR Film, Eastman Kodak Co., NY, USA) for 1 day (AVP) or 10 days (CRH). Subsequently, the two sections displaying the strongest signal were selected for each animal and each probe, placed in autoradiography cassettes (one per round per probe), and re-apposed to film together with a 14 Cstandard (American Radiolabeled Chemicals, St. Louis, MO, USA) for 1 day (AVP) or 10 days (CRH). Developed films were digitized and analyzed using ImageJ software from the National Institutes of Health. Gray levels of the 14 C-standard on each film were measured and fitted to a 4th degree polynomial curve expressed in nCi/g, and hybridization and background signals on the same film were quantified using that curve. Each positive signal in the PVN (average of five unilateral outlines) minus background signal (average of three random outlines immediately adjacent to the PVN) yielded values representing the amount of CRH or AVP in the PVN in nCi/g. The high inter-film and intra-individual variability in signal strengths required normalization and selection, which we did as follows: control pair-bonded males (CON-PBM) were chosen as an artificial control group based on their low inter-and intra-individual variability in signal strength. For each film, all unilateral values of all individuals within this control group were averaged, and all unilateral values of all individuals on that film were then expressed as a percentage of this average. The highest number (percentage) was selected for each individual, and these percentages were used for analysis of interaction and group effects.
Statistics
All data were analyzed by SPSS 19.0 software, and statistical significance was set at P 0.05 (two-tailed). Apart from a few specified cases, non-significant findings are not described in Section 3.
Baseline values measured prior to the start of the CVS paradigm (number of pups, age, body mass and plasma corticosterone levels on the morning of day 1 of the paradigm) were compared across groups using one-way ANOVAs.
Changes over time in body mass as well as in basal and stress-induced plasma corticosterone levels were evaluated using a general linear model for repeated measures, including time (day of the paradigm or time after oil injection) as a within-subjects factor, and stress condition (CVS or CON) and housing condition (VM, PBM, or NF) as between-subjects factors. All plasma corticosterone values were log 10 -transformed prior to analysis to meet normality requirements. The assumption of sphericity (as determined by Mauchly's W) was not met in the analysis of body mass and basal corticosterone levels; therefore the degrees of freedom were adjusted by the Huynh-Feldt approximation of e. In case of significant main or interaction effects, post-hoc pairwise comparisons were made using Fisher's LSD (comparison of stress conditions) or Bonferroni tests (comparison of housing conditions).
Area under the curve was calculated in two ways (Pruessner et al., 2003) to quantify total corticosterone release over time following subcutaneous oil injection. AUCg represents the total amount of hormone produced over time with respect to a starting value of zero, thus not accounting for variability in baseline levels of circulating hormone, whereas AUCi characterizes the responsiveness of the HPA axis to oil injection by evaluating the amount of hormone produced above the starting baseline level. Since AUCg and AUCi levels correlated highly in the present experiment (r = 0.978, n = 41, P < 0.001), we discuss only the analysis of AUCg. AUCg as well as the relative expression of CRH and AVP mRNA in the PVN were analyzed using two-way ANOVAs, with stress condition and housing condition as independent factors; all data were log 10 -transformed to meet normality assumptions. In case of significant main or interaction effects, post-hoc pairwise comparisons were made using Fisher's LSD (comparison of stress conditions) or Bonferroni tests (comparison of housing conditions).
Wet organ masses (adrenals, thymus, spleen and testes) were analyzed by ANCOVAs, using body mass on day 1 (just prior to the start of the CVS paradigm) as the covariate and both stress condition and housing condition as fixed factors. Since right and left testis and adrenal masses were highly and significantly correlated (adrenals: r = 0.876, n = 41, P < 0.001; testes: r = 0.894, n = 41, P < 0.001), only total masses (right + left adrenal; left + right testis) were used for analysis. Total adrenal masses, thymus masses, and spleen masses were log 10 -transformed to meet normality assumptions. A separate ANCOVA was run for each organ of interest. Interaction terms with the covariate were excluded if Pvalues for homogeneity of slopes were greater than 0.15, Levene's test was used to evaluate homogeneity of variance. Significant main or interaction effects were followed up by post-hoc pairwise comparisons, using Fisher's LSD (comparison of stress conditions) or Bonferroni tests (comparison of housing conditions).
Results
Starting values
All starting values are expressed as mean AE s.e.m. Breeding pairs (n = 7 per stress condition) gave birth to 1.9 AE 0.1 pups (CVS: 1.9 AE 0.1; CON: 2.0 AE 0.2; P = 0.594), as is typical for this species (Gubernick and Alberts, 1987a) . One-way ANOVA showed that on the morning of day 1, just prior to the start of the CVS paradigm, males from the six experimental groups did not significantly differ in age (156.17 AE 1.87 days; range: 137-200 days, P = 0.762), body mass (40.84 AE 0.93 g; range: 31.95-55.12 g; P = 0.764) or basal plasma corticosterone levels (48.57 AE 7.41 ng/ml; range: 10.24-239.85 ng/ml; P = 0.361).
Body mass
For relative body mass during the CVS/CON paradigm (calculated as the percentage of body mass on the morning of day 1 and expressed as mean AE s.e.m; Fig. 1) , a general linear model for repeated measures revealed significant main effects of time (day of the stress paradigm; F = 6.948, df = 1.983 [72.86] , P = 0.002) and an interaction effect of time Â stress condition (F = 11.722, df = 1.983[72.86] , P < 0.001). Between-subjects tests showed a main effect of stress condition (F = 67.931, df = 1[36], P < 0.001), and post-hoc pairwise comparisons showed that relative body mass was significantly lower in CVS animals compared to CON animals (both pooled over all housing conditions) on day 3 (t = 5.050, P < 0.001), day 5 (t = 6.086, P < 0.001) and day 7 (t = 8.359, P < 0.001).
Plasma corticosterone concentrations
For basal plasma corticosterone levels during the CVS/CON paradigm (presented as geometric means and 95% CI, Fig. 2A) , a general linear model for repeated measures revealed a significant main effect of time (day of the stress paradigm, F = 3.938, df = 1.940 [65.96] , P = 0.025) and an interaction effect of time Â stress condition (F = 4.823, df = 1.940 [65.96] , P = 0.012). Between-subjects tests revealed a main effect of stress condition (F = 13.384, df = 1[34], P = 0.001), and post-hoc pairwise comparisons revealed that basal plasma corticosterone levels were significantly increased in CVS males compared to CON males on day 4 (t = À0.511, P < 0.001), but not on day 1 (t = À0.102, P = 0.287) or on day 8 (t = À0.222, P = 0.106).
For stress-induced plasma corticosterone concentrations (presented as geometric means and 95% CI, Fig. 2B ), a general linear model for repeated measures revealed a significant main effect of time (0 min (basal sample on day 8), 10 min and 40 min after s.c. oil injection; F = 168.223, df = 2[70], P < 0.001) and a significant interaction effect of time Â stress condition (F = 3.615, df = 2[70], P = 0.032). Post-hoc pairwise comparisons (based on the significant interaction effect of time Â stress condition) showed that plasma corticosterone levels did not differ significantly between CVS and CON animals (both pooled over all housing conditions) at any time point after oil injection.
For time-integrated plasma corticosterone release (area under the curve, AUCg) in response to subcutaneous oil Significant interaction effect: time Â stress condition (P < 0.001), ***Significant difference between CVS and CON (pooled over housing conditions, P < 0.001).
Figure 2 Effects of chronic variable stress (CVS, squares) compared to control conditions (CON, circles) on (A) basal plasma corticosterone concentrations and (B) plasma corticosterone concentrations in response to a subcutaneous oil injection on day 8 in adult male California mice living as virgin males (white markers), pair-bonded males (light gray markers) or new fathers (dark gray markers). Data are geometric means and 95% CI. Note that the y-axis scale differs between the two graphs. # Significant main effects:
time (above graph in A/B, P < 0.05) and stress condition (right side of graph in A, P = 0.001). $ Significant interaction effect: time Â stress condition (P < 0.05). ***Significant difference between CVS and CON (pooled over housing conditions, P < 0.001).
injection, two-way ANOVA revealed no significant main or interaction effects.
Organ masses
For total adrenal mass (presented as body-mass-corrected geometric means and 95% CI; Fig. 3A) , interaction terms of the covariate (body mass on day 1) with either stress condition or housing condition were not significant (P > 0.511) and therefore were removed from the model. The subsequent model showed significant main effects of body mass on day 1 (F = 9.467, df = 1[34], P = 0.004), stress condition (F = 4.297, df = 1[34], P = 0.046), and housing condition (F = 4.279, df = 2[34], P = 0.022) and a non-significant trend toward an interaction effect of stress condition Â housing condition (F = 2.738, df = 2[34], P = 0.079). Based on the combination of the two significant main effects and the trend toward an interaction effect, explorative Bonferroni post-hoc pairwise comparisons were performed which indicated that among CON males, total adrenal masses were significantly lower in NF compared to VM (t = 0.173, P = 0.006). Explorative Fisher's LSD post-hoc pairwise comparisons between CVS and CON males indicated that CVS caused a significant increase in total adrenal masses in NF (t = À0.150, P = 0.003), but not in PBM or VM.
For thymus mass (presented as body-mass-corrected geometric means and 95% CI; Fig. 3B ), interaction terms of the covariate (body mass on day 1) with either stress condition or housing condition were not significant (P > 0.393) and therefore were removed from the model. The subsequent model revealed significant main effects of body mass on day 1 (F = 28.516, df = 1[34], P < 0.0001) and stress condition (F = 20.864, df = 1[34], P < 0.001), and a significant interaction between stress condition and housing condition (F = 10.228, df = 1[34], P < 0.001). Bonferroni post-hoc pairwise comparisons showed that among CON males, thymus mass was significantly increased in NF compared to PBM (t = À0.190, P = 0.004) and VM (t = À0.193, P = 0.002). Fisher's LSD posthoc pairwise comparisons between CVS and CON males showed that CVS caused a significant decrease in thymus mass in NF (t = 0.317, P < 0.001), but not in PBM or VM.
For spleen mass (presented as body-mass-corrected geometric means and 95% CI; Fig. 3C ), a significant interaction between the covariate (body mass on day 1) and stress condition (P = 0.068), but not between the covariate and housing condition (P = 0.838), was detected; thus, the significant interaction term as well as the interaction between stress condition and housing condition (P = 0.057) remained in the model. The subsequent analysis showed a significant main effect of body mass on day 1 (F = 18.692, df = 1[34], P < 0.001), a marginally significant main effect of stress condition (F = 4.038, df = 1[34], P = 0.052), and marginally significant interactions between stress condition and housing condition (F = 3.276, df = 2[34], P = 0.050), and stress condition and body mass on day 1 (F = 4.095, df = 1[34], P = 0.051). Subsequent post-hoc pairwise comparisons showed no significant differences between the three housing conditions under separated or pooled stress conditions, or between the two stress conditions under separated or pooled housing conditions.
For total testis mass (range: 0.154-0.523 g, no further data shown), neither interaction term with the covariate (body mass on day 1) was significant (P > 0.164); therefore, both terms were removed from the model. Subsequent analysis revealed that there were no significant main or interaction effects of body mass on day 1, housing condition, or stress condition.
Neuropeptide mRNA expression in the PVN
The levels of CRH and AVP mRNA in the PVN (presented as geometric means and 95% CI; Fig. 4) , calculated as the Significant difference between new fathers and (a) virgin males (P < 0.01) and (b) pair-bonded males (P = 0.004). *Significant difference between CVS and CON (only in new fathers: P < 0.01).
average over all highest values (one per animal), were 522.35 AE 72.35 nCi/g and 6527.11 AE 821.78 nCi/g, respectively. Since inter-film and intra-individual variability was high, data were normalized as described in the methods section and only the highest value (percentage) of each individual was selected for analysis. For the relative density of CRH mRNA expression in the PVN (Fig. 4A, B and E), twoway ANOVA log 10 -transformed revealed no significant main or interaction effects of stress condition and housing condition. For the relative density of AVP mRNA expression in the PVN (Fig. 4C, D and F) , two-way ANOVA on log 10 -transformed values revealed a significant main effect of stress condition (F = 7.357, df = 1[20] , P = 0.013). Fisher's LSD post-hoc pairwise comparisons between the CON and CVS conditions (pooled over housing conditions) showed that CVS caused a significant increase in AVP mRNA expression in the PVN (t = À0.195, P = 0.013).
Discussion
The present experiment aimed to validate a chronic variable stress (CVS) paradigm in adult male California mice, and to determine the effects of social environment and parental state on responses to this stress paradigm. The modified, relatively short (7 days) but intensive (3 unpredictable stressors per day) CVS paradigm caused a persistent loss of body mass and a transient increase in basal plasma corticosterone levels in adult male California mice, consistent with findings in adult male rats and house mice in response to various CVS paradigms (Willner, 2005; Cox et al., 2011) . These effects of CVS occurred independently of housing condition.
In addition, CVS caused an increased expression of AVP mRNA in the PVN while not affecting the expression of CRH mRNA in the PVN, again independent of housing condition.
Although these neuropeptide results are consistent with studies using chronic homotypic stressors in adult male rats, such as repeated restraint (Ma et al., 1999) or chronic inflammation (Chowdrey et al., 1995) , most chronic variable stress studies performed in adult male rats find an increased CRH transcription and no changes in AVP transcription (Hill et al., 2012) . It is possible that adult male California mice show a stronger habituation to CVS, and thus do not maintain the stress-induced CRH (and associated ACTH) release followed by CRH transcription, while AVP turnover and the associated proliferation of corticotrophs and remodeling of the pituitary tissue remains high (Aguilera et al., 2008) . However, future studies with larger group sizes and multiple time points are needed to rule out any changes in CRH mRNA in response to CVS in male California mice, preferably with concomitant monitoring of stress-induced ACTH release.
Other common effects of chronic variable stress were not found in the present study: basal corticosterone levels were no longer elevated on the day after cessation of CVS (in contrast to Ostrander et al., 2006 and Solomon et al., 2010 , but similar to Simpkiss and Devine, 2003; Marin et al., 2007; Jankord et al., 2010 , all studies performed in adult male rats), and corticosterone release in response to a novel stressor was not facilitated at that time point (in contrast to Marin et al., 2007; Jankord et al., 2010 , but similar to Simpkiss and Devine, 2003; Ostrander et al., 2006; Solomon et al., 2010 , all studies performed in adult male rats).
Although adult male California mice did show increased total adrenal masses and reduced thymus masses in the CVS condition compared to the CON condition, consistent with results from CVS studies in adult male rats (Simpkiss and Devine, 2003; Ulrich-Lai et al., 2006; Ostrander et al., 2006; Jankord et al., 2010; Solomon et al., 2010) , closer scrutiny of the data suggested that this effect was caused exclusively by fathers, which had relatively low adrenal masses compared to virgin males and relatively high thymus masses compared to virgin males and pair-bonded males under control conditions. In a previous study in our lab, we also found lower adrenal masses in California mouse fathers compared to both virgin males and males housed with tubally ligated females (Harris and Saltzman, 2013) . To our knowledge, we are the first to report such a finding in paternal mammals, and we can only speculate about the causes. It is possible that an unknown factor associated with becoming a parent caused adrenal atrophy and thymus hypertrophy in male California mice; however, pregnancy and lactation in female rodents are not associated with significant alterations in adrenal masses (D.A. Slattery, personal communication) , and are associated with a strong reduction in thymus mass (McLean et al., 1974; Kendall and Clarke, 2000) . Alternatively, nonfathers (especially virgin males) may have been suffering from stress-induced adrenal hypertrophy and thymus atrophy in response to the mild and transient stressors of the control condition (repeated handling, cage cleaning, blood sampling, and ongoing activity in the colony room), whereas fathers were less affected. The finding that CVS did not (further) increase adrenal mass or reduce thymus mass in non-fathers, but strongly affected these organ masses in fathers, supports the latter hypothesis. Thus, although new fathers did respond to CVS with alterations in organ masses (as well as changes in body mass, basal plasma corticosterone levels, and expression of AVP mRNA in the PVN), they may have been somewhat protected against the effects of mild and transient stress. Since adrenal hypertrophy is associated with increased corticosterone responses to ACTH in rats and thymus atrophy is associated with declines in oligoclonal peripheral T cell repertoire and constricted host immunity in mice (Gruver and Sempowski, 2008) , prevention of these changes in organ morphology might protect the health of fathers and thus could potentially increase the survival rate of offspring. As such, this hypothetical protection against mild stressors could be an adaptation in the context of the biparental care system. Future studies could test this hypothesis using a chronic mild stress paradigm compared to a strictly stressfree control condition, in combination with a more detailed analysis of adrenal and thymus histology.
The present study is, to the best of our knowledge, the first that investigates the effects of chronic variable stress in males of a monogamous and biparental species. The results confirm that our modified CVS paradigm successfully causes chronic stress in adult male California mice. The experiment did not, however, reveal consistent differences in responses to CVS between adult male California mice cohabiting with a female pair mate or male cage mate or between pair-bonded males with or without a newborn litter of pups. These findings are consistent with previous experiments in male California mice, in which similar housing conditions did not differentially influence the process of wound healing or responses to an acute stressor (Martin et al., 2006; Chauke et al., 2011; Harris and Saltzman, 2013) , suggesting that the (lack of) effects of a pair bond or fatherhood do(es) not depend on the type or length of the stressor. Although it is possible that social buffering does not occur at all in California mice, it seems more likely that the effects of social support provided by male cage mates or female pair mates are indistinguishable from one another. On the other hand, the marked stress hyporesponsiveness during late pregnancy and the early postnatal period in some mammalian species (Slattery and Neumann, 2008 ) may be less pronounced in fathers, possibly due to the lack of strong hormonal surges (prolactin and oxytocin) that occur during parturition and lactation in females and dampen the HPA axis. However, some hormonal changes associated with the onset of fatherhood (Storey and Walsh, 2012) may protect the males and their offspring against mild stress.
Together, these results elucidate the role of pair bonds and fatherhood in stress responses in males of a monogamous and biparental rodent species. In addition, the findings provide a foundation for future studies focusing on the effects of chronic stress on paternal behavior and offspring development in California mice. Results from the present and future experiments will increase our understanding of how family life affects, and is affected by, chronic stress in biparental species, including humans.
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